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Kainate Receptors Differentially Regulate
Release at Two Parallel Fiber Synapses
(Petralia et al., 1994). The subunit composition of granule
cell KARs is not known. However, biophysical studies
(Smith et al., 1999) have reported KAR single-channel
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Portland, Oregon 97201 events in granule cell patches that are characteristic of
GluR5 unedited homomeric channels (Swanson et al.,
1996), suggesting Ca2 permeability. We report biphasic
regulation of transmitter release from parallel fibers thatSummary
is mediated by presynaptic KAR activation; at low con-
centrations of agonist, transmission is potentiated, whilePresynaptic kainate receptors (KARs) facilitate or de-
press transmitter release at several synapses in the at higher concentrations, depression occurs. We also
show that the agonist sensitivity of parallel fiber syn-CNS. Here, we report that synaptically activated KARs
presynaptically facilitate and depress transmission at apses onto stellate cells is higher than that onto Purkinje
cells. In addition, synaptic release of endogenous gluta-parallel fiber synapses in the cerebellar cortex. Low-
frequency stimulation of parallel fibers facilitates syn- mate by short, low-frequency trains of parallel fiber stim-
ulation facilitates both stellate cell and Purkinje cell re-apses onto both stellate cells and Purkinje cells,
whereas high-frequency stimulation depresses stel- sponses, but, at high stimulus frequencies, stellate cell
responses are depressed while Purkinje cell responseslate cell synapses but continues to facilitate Purkinje
cell synapses. These effects are mimicked by exoge- remain facilitated. The resultant effects on Purkinje cell
excitability will therefore depend critically on the fre-nous KAR agonists and eliminated by blocking KARs.
This differential frequency-dependent sensitivity of quency of firing of parallel fibers; at low frequencies,
both EPSCs and IPSCs will be facilitated, whereas, atthese two synapses regulates the balance of excit-
atory and inhibitory input to Purkinje cells and there- high frequencies, facilitation of Purkinje cell EPSCs and
the disinhibition resulting from the depression of stellatefore their excitability.
cell EPSCs will act together to increase Purkinje cell
excitability.Introduction
Kainate receptors (KARs) regulate presynaptic gluta- Results
mate release at various synapses in hippocampus (Chit-
tajalluh et al., 1996; Contractor et al., 2001; Kamiya and EPSCs and IPSCs in Purkinje Cells Are
Ozawa, 2000; Schmitz et al., 2000), neocortex (Kidd et Differentially Regulated by KARs
al., 2002), and spinal cord (Kerchner et al., 2001; Lee et Parallel fibers make excitatory synapses onto both Pur-
al., 1999). Pharmacological and genetic studies indicate kinje cells (PCs) and the inhibitory interneurons, stellate
that KARs can increase (Lauri et al., 2001b; Lee et al., and basket cells. Stellate and basket cells (SCs), in turn,
1999), decrease (Chittajalluh et al., 1996; Contractor et make inhibitory GABAergic synapses onto PCs. Thus,
al., 2000, 2001; Frerking et al., 2001; Kamiya and Ozawa, parallel fiber stimulation results in a monosynaptic EPSC
1998, 2000; Kerchner et al., 2001; Kidd et al., 2002; in PCs (pf-PC EPSC) followed by a disynaptic IPSC (pf-
Schmitz et al., 2000; Vignes et al., 1998), or bidirection- PC IPSC; Figure 1A). To test whether KARs alter the
ally (Schmitz et al., 2001) alter release, as well as affect excitation or inhibition of PCs following parallel fiber
the induction of long-term plasticity (Contractor et al., stimulation, two concentrations of the KAR agonist do-
2001; Lauri et al., 2001a). Three studies report that re- moate were bath applied during stimulation. A low con-
lease of endogenous glutamate can activate presynap- centration of domoate (5 nM) increased the amplitude
tic KARs at the same synapses from which release oc- of the pf-PC IPSC (Figure 1A, 26% 11% increase, p
curred (Kidd et al., 2002; Lauri et al., 2001a; Schmitz et 0.04, n 5), whereas a higher concentration of domoate
al., 2001). This physiological activation of KARs results (50 nM) decreased the pf-PC IPSC amplitude (Figure
either in facilitation of release (Lauri et al., 2001a), de- 1A, 31% 7% decrease, p 0.04, n 4). Both concen-
pression (Kidd et al., 2002), or both (Schmitz et al., 2001). trations, however, increased the pf-PC EPSC (the delay
In the cerebellar cortex, granule cell axons project in the onset of the IPSC was sufficient to see this in-
into the molecular layer and form the parallel fibers that crease in three of four recordings; see below). The dimi-
make excitatory synapses with Purkinje, stellate, Golgi, nution of the IPSC by 50 nM domoate was not a result
and basket cells (Palay and Chan-Palay, 1974). Granule of its algebraic addition with the enhanced EPSC; when
cells express functional KARs during and after migration recorded at EEPSC, the IPSC was inhibited by domoate
to the granule cell layer (Smith et al., 1999) and express to a similar degree (Figure 1B, 38%  6%, p  0.005,
mRNA encoding the KAR subunits GluR5 (Q and R), n  6). These pf-PC IPSCs were completely blocked by
GluR6 (Q and R), and KA2 (Bahn et al., 1994; Bettler et the AMPA receptor antagonist NBQX (Figures 1A and
al., 1990; Egebjerg et al., 1991; Herb et al., 1992). In 1B), indicating that they were activated by parallel fiber
addition, the subunits GluR6 and KA2 have been shown excitation of SCs rather than direct stimulation of the
by immunohistochemistry to be on parallel fibers interneurons by the extracellular stimulating electrode.
SC-PC IPSCs, resulting from direct stimulation of SCs
(Figure 1C; in 100M GYKI 53655 to eliminate disynaptic1Correspondence: jahr@ohsu.edu
Neuron
476
Figure 1. Dose-Dependent Regulation of
Parallel Fiber-Evoked Disynaptic IPSCs in
Purkinje Cells
(A) Evoked EPSC/IPSC recorded from a Pur-
kinje cell (Vh  50mV) when stimulating dis-
tally in the outer third of the molecular layer,
in control, 5 nM domoate, 50 nM domoate,
and in 50 nM domoate plus 5 M NBQX.
(B) Disynaptic IPSC recorded from Purkinje
cell at the reversal potential for the EPSC
(5mV), in control, 50 nM domoate, after
washout of domoate, and in 10 M NBQX.
(C) Monosynaptic evoked SC-PC IPSC re-
corded in 100 M GYKI 53655, stimulating
proximally in the outer third of the molecular
layer. Overlaid SC-PC IPSCs in control, 5 nM
domoate, and 50 nM domoate.
(D) Summary of effects of 5 nM and 50 nM
domoate on the NBQX sensitive disynaptic
IPSC and monosynaptic IPSC (p  0.05, n 
5 and 4, respectively).
inputs), were not sensitive to domoate at either concen- pal mossy fibers (Schmitz et al., 2001), indicating that
small changes in excitability of the parallel fibers couldtration (Figure 1C), indicating that the effects of domoate
at these concentrations are limited to the excitatory in- be observed in the present conditions. Indicative of a
presynaptic locus for this effect, the domoate-inducedputs that drive the SCs.
To evaluate the effects of KAR activation on the mono- facilitation was also associated with a change in paired-
pulse ratio for the pf-PC EPSC (Figure 2B, 7%  2%synaptic pf-PC EPSC in the absence of inhibition, we
tested KAR agonists on pf-PC EPSCs in the presence decrease, p  0.01, n  9). The GABAB antagonist CGP
55845A (10 M) had no effect on the pf-PC EPSC aloneof picrotoxin (100 M). In keeping with the observations
above, addition of kainate or domoate, at concentra- (n  5) nor did it alter the facilitation of the pf-PC EPSC
by 50 nM domoate (37%  3%, p  0.001, n  5).tions too low to activate a standing AMPAR-mediated
current in these neurons (20 nM and 50 nM, respec-
tively), produced reversible increases in the size of the Parallel Fiber-Evoked Glutamate Transporter
Currents in PCsevoked pf-PC EPSC (Figure 2; 24%  5% and 36% 
5%, p  0.03 and 0.001, n  5 and 9, respectively). This Recently, Schmitz et al. (Schmitz et al., 2001) reported
that the effect of kainate at hippocampal mossy fibereffect apparently did not result from the recruitment of
new fibers, as domoate did not alter the extracellular synapses is biphasic. Kainate, at 50 nM, facilitated the
mossy fiber EPSC in CA3 pyramidal cells, whereas 500fiber volley (5 nM domoate, 1%  3% decrease, n  5;
50 nM domoate, 4%  5% decrease, n  7; Figure 2C); nM kainate caused depression. Because 500 nM do-
moate activated large AMPAR/KAR currents in PCs andincreasing extracellular K from 2.5 to 5.0 mM increased
the fiber volley (16%10%; n4), as seen in hippocam- because domoate theoretically could regulate release
Figure 2. Parallel Fiber-Purkinje Cell EPSCs
Are Facilitated by KAR Agonists
(A) Effect of 50 nM domoate on amplitudes
of pf-PC EPSCs from a single recording (filled
circles; Vh  60mV) and average of nine re-
cordings normalized to the average control
period amplitude (open circles).
(B) Average pf-PC EPSCs paired at 50 ms
from the experiment plotted in (A), in control
and 50 nM domoate, overlaid with the re-
sponse in domoate normalized to the peak
of the first control EPSC.
(C) Parallel fiber volley in control and in 50
nM domoate.
(D) pf-PC EPSC in control, 20 nM kainate, and
after washout of kainate. Stimulus artifacts
recorded in TTX were subtracted from the
fiber volley responses.
(E) Summary of effects of 20 nM kainate and
50 nM domoate on pf-PC EPSC (*p  0.05,
**p  0.01, n  5 and 9, respectively).
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Figure 3. KAR Activation Regulates Parallel Fiber-Evoked Synaptic Transporter Currents in Purkinje Cells
(A) pf-PC STCs recorded in 100 M GYKI 53655 at holding potentials 60mV to 40mV in 20mV steps and the average current-voltage
relationship for the pf-PC STC for six experiments (squares; n  6) and the pf-PC EPSC (circles; n  4).
(B) Average pf-PC EPSCs and STCs (recorded in the same cell in 100 M GYKI 53655) at the same two stimulus intensities.
(C) pf-PC STCs in control, 50 nM domoate, and in domoate plus 100 M TBOA.
(D) pf-PC STC in 10 M NBQX and in NBQX plus 50 nM domoate.
(E) pf-PC STC in control (100 M GYKI 53655, 5 M SR 95531, 5 M CGP 55845A), 500 nM domoate, and 20 min following washout.
through activation of AMPARs, we recorded parallel fi- 0.004, n  6), as did kainate (500 nM, 28%  11%, p 
0.02, n  3). This depression was also produced in theber-evoked synaptic glutamate transporter currents
from PCs (pf-PC STC) in the presence of the selective presence of the GABAB antagonist CGP 55845A (10 M;
24%  3%, p  0.03, n  4).AMPAR antagonist GYKI 53655 (100 M, Figure 3). In
the presence of GYKI 53655, the domoate (500 nM) acti-
vated standing current was less than 300 pA (indicating Parallel Fiber-Evoked EPSCs in SCs
As KAR agonists had no effect on the monosynapticthat a small population of functional KARs are expressed
by PCs [Fogarty et al., 2000; Renard et al., 1995]). These SC-PC IPSC but biphasically altered the disynaptic pf-
PC IPSC (Figure 1), we tested for KAR effects on parallelrecordings used a CsNO3-based internal solution to in-
crease the size of the pf-PC STC, which represented fiber-evoked EPSCs in SCs (pf-SC EPSC). In keeping
with the biphasic effects of KARs on the disynaptic pf-5.4% 0.6% (n 30) of the total pf-PC EPSC (compared
with less than 2% with the CsMeSO4 internal; data not PC IPSC, we found that low concentrations of domoate
facilitated the pf-SC EPSC (Figures 4A and 4B, 65% shown). In these conditions, evoked currents were simi-
lar to STCs elicited in PCs by climbing fiber stimulation 17% and 75%  16% for 2 nM and 5 nM, p  0.02 and
0.04, n 5 and 6, respectively), and this facilitation was(Auger and Attwell, 2000; Otis et al., 1997; Wadiche and
Jahr, 2001), having inwardly rectifying current-voltage associated with a decrease in paired-pulse facilitation
(Figure 4B, 13%  5%, p  0.046, n  6). A similarrelationship, in contrast to the linear current-voltage re-
lationship of the pf-PC EPSC (Figure 3A), slower rise facilitation of the NMDAR-mediated pf-SC EPSC (re-
corded in GYKI 53655 at 40mV) was also seen usingand decay times than the pf-PC EPSC (Figure 3B), and
sensitivity to the competitive glutamate transporter an- 5 nM domoate (Figure 4C, 30%  6%, p  0.02, n  6).
In contrast to the EPSC recorded in PCs, the pf-SCtagonist TBOA (Figure 3C, 100M, 85% 1%, p 0.04,
n  3). Despite these differences and the perisynaptic EPSC was reduced in amplitude by either 50 nM do-
moate (Figures 4A and 4B, 48%  7%, p  0.005, n location of glutamate transporters on PC spines (Dehnes
et al., 1998), the pf-PC STCs and the pf-PC EPSCs fol- 10) or 20 nM kainate (22%  4%, p  0.01, n  5).
Inhibition by both domoate and kainate was associatedlowed changes in the number of parallel fibers brought
to threshold similarly (Figure 3B; average ratio of re- with an increase in paired-pulse facilitation (Figure 4B,
42% 10% increase, p 0.004, n 8), again indicativesponses at high stimulus strength compared to low was
2.17  0.23 for pf-PC EPSC and 2.22  0.35 for pf-PC of a presynaptic change. This effect was reversible (Fig-
ure 4B) and not affected by the GABAB antagonist CGPSTC, n6). Consistent with the effects of KAR activation
on the pf-PC EPSC, 50 nM domoate increased the pf- 55845A (10 M; 49%  5%, p  0.04, n  4). Similarly,
the NMDAR-mediated pf-SC EPSC, recorded at40mVPC STC to the same degree (Figure 3C, 34% 2%, p
0.002, n  6). The pf-PC STC was not affected by the in the presence of GYKI 53655 (100 M), was also inhib-
ited by the addition of 50 nM domoate (Figure 4C, 24%same concentration of domoate in the presence of the
AMPA/KAR antagonist NBQX (10 M; Figure 3D, 6%  7%, p 0.04, n 6). In the presence of the KAR antago-
nist NBQX (5 M), however, the NMDAR-mediated pf-4% increase, p  0.7, n  4). As previously found at
mossy fiber synapses (Schmitz et al., 2001), a higher SC EPSC was not affected by domoate (Figure 4C; 1%
6%, p 0.8, n 3). No whole-cell current was activatedconcentration of domoate (500 nM) reversibly de-
pressed the pf-PC STC (Figure 3E, 31%  6%, p  by either domoate or kainate at these concentrations.
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Figure 5. Dose-Dependent Regulation of pf-SC EPSC and pf-PC
STC by Domoate
5, 10, 50, and 500 nM domoate (n  6, 5, 11, 6 for pf-SC EPSC, and
7, 6, and 6 for pf-PC STC, respectively; *p 0.05, **p 0.01). Values
for pf-SC EPSC at 5, 50, and 500 nM domoate were tested using
the NMDAR-EPSC; at 10 nM, the AMPAR-EPSC was used.
changes in synaptic paired-pulse ratios discussed
above, suggest that regulation of the synaptic re-
sponses by domoate occurred presynaptically.
Synaptically Released Glutamate Activates
Presynaptic KARs
Are presynaptic KARs at parallel fiber synapses acti-
vated by synaptically released glutamate? NMDAR-
mediated pf-SC EPSCs evoked with single stimuli were
not affected by blocking KARs with NBQX (10 M; n 
6; not illustrated; see Figure 7A), indicating that ambient
concentrations of glutamate are not high enough to
cause discernable KAR activation. However, both pf-
Figure 4. Dose Dependence of Domoate on the Parallel Fiber-Stel-
late Cell EPSC
(A) Effect of 5 nM (closed circles) and 50 nM (open circles) domoate
on amplitudes of pf-SC EPSCs (Vh  60mV). Averages of seven
and ten recordings, respectively.
(B) Left: Average paired pf-SC EPSCs in control and 5 nM domoate,
overlaid with the domoate response normalized to the peak of the
first control EPSC; right: Average paired pf-SC EPSCs in control
and 50 nM domoate, overlaid with the domoate response normalized
to the peak of the first control EPSC.
(C) Left: NMDAR-mediated pf-SC EPSCs recorded at Vh  40mV
in 100 M GYKI 53655 (control) and plus 5 nM domoate; middle:
paired pf-SC EPSCs in 100 M GYKI 53655 (control) and plus 50
nM domoate; right: paired pf-SC EPSCs in 5 M NBQX and NBQX
plus 50 nM domoate.
A comparison of the dose-response relationships for
the effects of domoate on pf-SC NMDA EPSCs and pf-
PC STCs shows that the crossover from facilitation to
depression is shifted at least 10-fold to the left for the
SC synapse (Figure 5).
Neither Glutamate Transporters nor NMDARs
Are Directly Altered by Domoate
To test whether domoate could interfere directly with
Figure 6. Transporter and NMDAR Currents Evoked by Exogenousactivation of either SC NMDARs or PC glutamate trans-
Glutamate Are Not Altered by Domoateporters, glutamate was applied by pressure ejection to
(A) Stellate cell NMDAR currents (30mV) evoked by pressure-both cell types in the presence of GYKI 53655. SC
ejected glutamate in control and in 50 nM domoate.NMDAR responses were unaffected by either 5 nM (n 
(B) Purkinje cell glutamate transporter currents (60mV) evoked by
5; data not shown) or 50 nM domoate (n  4; Figure pressure-ejected glutamate in control and in 50 nM domoate. Both
6A), and PC responses were unaffected by 50 nM do- recordings in the presence of 100 M GYKI 53655, 3 M SR 955531,
and 1 M TTX.moate (n  4; Figure 6B). These results, along with the
Kainate Receptors Differentially Regulate Release
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Figure 7. Trains of Stimuli Activate Presyn-
aptic KARs at Both pf-SC and pf-PC Syn-
apses
(A) NMDAR-mediated pf-SC EPSC (Vh 
30mV) stimulated at 15 s intervals with
trains of five stimuli at 10–100 Hz, shown in
control (in 100 M GYKI 53655; dark line) and
with the addition of 10 M NBQX (light line).
(B) pf-PC STC (60mV) stimulated with trains
of five stimuli at 10–100 Hz (15 s intervals)
recorded in 100 M GYKI 53655 (Control) and
in the addition of 10 M NBQX.
(C) Average alteration of peak amplitude after
fifth stimulus by NBQX at stimulus frequen-
cies shown in (A) and (B) (n  7, 8, 8, and 17
for pf-SC EPSCs, respectively, n  5 for pf-
PC STCs; *p  0.05, **p  0.01).
(D) Parallel fiber volley trains stimulated at
100 Hz in control (100 M picrotoxin, 5 M
CGP 55845A, 100 M GYKI 53655, 5 M
DPCPX, 500 M MCPG, and 500 M CPPG)
and after the addition of 10 M NBQX (s1,
first fiber volley in train; s5, fifth fiber volley).
Stimulus artifacts recorded in TTX were sub-
tracted from the fiber volley responses.
SC EPSCs and pf-PC STCs were affected by NBQX in lation of glutamate release was not the result of parallel
fiber recruitment.a stimulus frequency-dependent manner when acti-
vated by trains of five stimuli between 10 and 100 Hz. One measure that can be used to distinguish an effect
mediated by ionotropic rather than metabotropic recep-pf-SC EPSCs (in 100 M GYKI 53655) were inhibited by
NBQX when stimulated at 10 and 20 Hz, whereas they tors is the speed with which an effect occurs. Using 100
Hz stimulation, both the facilitation of the pf-SC EPSCwere facilitated by NBQX at 100 Hz (Figures 7A and 7C).
This facilitation by NBQX, indicative of depression of and the depression of the pf-PC STC by NBQX reached
significance following the third stimulus in the train (pf-release by presynaptic KARs, was not blocked by the
prior coapplication of MCPG (1 mM), CPPG (0.5 mM), SC EPSC: 15%  5%, p  0.03, n  17; pf-PC STC:
49%  7%, p  0.003, n  5). This indicates that theCGP 55845 (10M), and the adenosine receptor antago-
nist DPCPX (5 M; 18%  4% facilitation, p  0.03, effect of KARs activated by endogenously released glu-
tamate required no more than 20 ms, a period inconsis-n  3). This demonstrates that this KAR-mediated de-
pression does not require the activation of mGluR, tent with most metabotropic pathways (Hille, 2001).
As repetitive stimulation of parallel fibers can activateGABAB, or adenosine receptors. NBQX was also found
to both facilitate and depress pf-SC EPSC trains re- mGluR-mediated inward currents in PCs (Batchelor et
al., 1994; Tempia et al., 1998), we tested whether mGluRcorded at 32C–33C. Under these conditions, however,
higher stimulation frequency (200 Hz) was required to antagonists affected pf-PC STCs or the ability of do-
moate to depress pf-PC STCs. pf-PC STCs evoked byobserve facilitation (facilitation at 200 Hz: 22%  4%,
depression at 20 Hz: 28% 6%; p 0.03 and 0.02, n 100 Hz stimulation were not affected by the simultane-
ous application of MCPG (1 mM) and CPPG (500 M).4 and 5, respectively). This is consistent with previous
studies showing higher temperatures increase the effi- In these conditions, the facilitation produced by 50 nM
domoate was unaffected (Figure 8; 58%  17%, p ciency of glutamate uptake and thereby decrease gluta-
mate diffusion (Asztely et al., 1997). In contrast to the 0.04, n  5). This result indicates that in the conditions
of our experiments the pf-PC STC is not contaminatedbiphasic effects of stimulation on the pf-SC EPSC, the
pf-PC STCs evoked at all stimulus frequencies were with the mGluR EPSC (Batchelor et al., 1994; Tempia et
al., 1998) and that the effect of KAR activation does notinhibited by NBQX (Figures 7B and 7C). We suggest
that at low stimulus frequencies synaptically released depend on mGluR activity. In addition, the pf-PC STC
evoked by 100 Hz stimulation is both facilitated by do-glutamate activates presynaptic KARs to a degree simi-
lar to that of 5 nM domoate, whereas, at higher frequen- moate and depressed by NBQX, indicating that the
range of potential regulation of parallel fiber release bycies, glutamate is elevated to a concentration function-
ally equivalent to 10–50 nM domoate. If the effect of KARs is large.
NBQX in these experiments is through the same mecha-
nism as that of domoate reported above, we would ex- Discussion
pect that, like domoate, NBQX would have no effect on
extracellular fiber volleys elicited by trains of stimuli. We report that activation of presynaptic kainate recep-
tors can reversibly alter the strength of glutamatergicIndeed, fiber volleys stimulated at 100 Hz (Figure 7D)
and 20 Hz were unaffected by the addition of NBQX, transmission at two parallel fiber synapses in the cere-
bellar cortex. This regulation is bidirectional and depen-indicating that the stimulus frequency-dependent regu-
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depolarization of presynaptic fibers (Kamiya and Ozawa,
2000; Schmitz et al., 2000) and a metabotropic action
affecting release (Frerking et al., 2001; Rodriguez-
Moreno and Lerma, 1998). In the present experiments,
50 nM domoate and 100 Hz trains facilitated PC syn-
apses and depressed SC synapses, both by presynaptic
actions. Unlike the fiber volley in hippocampal mossy
fibers, no changes in the parallel fiber volley were de-
tected with domoate, a result seemingly inconsistent
with a uniform depolarization of all parallel fiber boutons.
However, because 100 Hz stimulation resulted in signifi-
cant modulation in both cell types following the third
stimulus, the mechanism(s) responsible were activated
within 20 ms, a period too short for most metabotropic
mechanisms (Hille, 2001).
The difference in sensitivity of the two parallel fiber
synapses could result from a higher KAR density atFigure 8. pf-PC STCs Are Not Altered by Metabotropic Glutamate
the parallel fiber boutons onto SCs, a higher agonistReceptor Antagonists
sensitivity of those receptors resulting from subunitParallel fiber-PC STC evoked by six stimuli at 100 Hz recorded in
100 M GYKI 53655, 5 M CGP 55845A, 5 M DPCPX (control), composition differences, or an enhanced coupling to
with the addition of 1 mM MCPG and 500 M CPPG, and after their effectors. While cerebellar granule cells are known
addition of 50 nM domoate. to express mRNA encoding the KAR subunits GluR5 (Q
and R), GluR6 (Q and R), and KA2 (Bahn et al., 1994;
Bettler et al., 1990; Egebjerg et al., 1991; Herb et al.,dent on the agonist concentration, a result that is mim-
1992; Pemberton et al., 1998), and the subunits GluR6icked by trains of parallel fiber stimuli that apparently
and KA2 have been shown immunohistochemically toincrease KAR activation as stimulation frequency is in-
be on parallel fibers (Petralia et al., 1994), the nativecreased. This frequency-dependent increase in the acti-
receptor composition, their specific location, or the den-vation of KARs presumably occurs by augmenting the
sity of receptors in relation to the parallel fiber boutonsaccumulation of glutamate. Recently, Schmitz et al.
have not been reported.(Schmitz et al., 2001) found that activation of presynaptic
The difference in frequency-dependent KAR modula-KARs with low concentrations of kainate (20 nM) facili-
tion of the two synapses provides a mechanism for ma-tates release from hippocampal mossy fibers, whereas
nipulating the output of the PC during parallel fiber acti-activation with higher concentrations (500 nM) de-
vation. We show that synaptically released glutamatepressed transmission. This dose response range is simi-
can activate presynaptic KARs at both synapses usinglar to that which we find at pf-PC synapses. However,
short trains of stimuli at 10–100 Hz. The effect of low-at pf-SC synapses, the biphasic dose response relation-
frequency stimulation is to facilitate both synapses.ship is shifted to lower concentrations.
Higher frequency stimulation depresses SC excitationFour findings point to a presynaptic locus of KAR
and facilitates PC excitation. As the activation of theseregulation of both SC and PC synapses. First, paired-
two synapses results in monosynaptic excitation andpulse facilitation at both synapses is altered by domoate.
disynaptic inhibition of the PCs, their differential sensi-Second, in both cell types, postsynaptic responses medi-
tivity to KAR activation will regulate the balance of paral-ated by two different receptors are similarly affected by
lel fiber-derived excitatory and inhibitory input to PCs.KAR activation. Third, NMDAR currents in SCs and glu-
KAR effects during high-frequency parallel fiber activitytamate transporter currents in PCs activated by exoge-
will result in fewer SCs reaching action potential thresh-nous applications of glutamate were not affected by
old and less GABA release onto PCs, while direct excit-KAR activation. Fourth, at 50 nM, domoate did not acti-
atory drive to PCs is increased. These actions of KARsvate measurable conductances in either cell type. In
add a distinct, frequency-dependent layer to the alreadyaddition, the KAR-mediated effects of domoate and
complex relationship between parallel fiber-PC cou-stimulus trains were not affected by antagonists of met-
pling.abotropic glutamate receptors, adenosine receptors, or
GABAB receptors, suggesting that presynaptic regula-
Experimental Procedurestion of release was a direct result of KARs. Another
possibility is that more or fewer parallel fibers are
Brain Slice Preparation and Recording Conditionsbrought to threshold by the stimulating electrode follow-
Coronal slices of cerebellum were prepared from P13-17 rats using
ing KAR-induced depolarization of the fibers. However, established techniques and according to institutional guidelines.
the fiber volley was unaffected by either domoate or Briefly, the brain was removed and immersed in ice-cold ACSF, the
cerebellum mounted on an agar block, and sectioned at 400 mby high-frequency stimulus trains. Furthermore, 50 nM
using a Lancer Vibratome (Series 1000). Slices were allowed todomoate and 100 Hz stimulus trains depressed pf-SC
recover for 30 min at 34C and then were maintained at room temper-EPSCs but facilitated pf-PC STCs. It is difficult to attri-
ature. Bath solution and slice storage chamber solution containedbute these opposite effects to changes in recruitment
(in mM) 119 NaCl, 2.5 KCl, 1.3 MgCl2, 2.5 CaCl2, 1 NaH2PO4, 26.2of parallel fibers. NaHCO3, 11 glucose, and was saturated with 95% CO2 and 5% O2.
Two mechanisms have been proposed for KAR-medi- Picrotoxin (100 M) was added to the bath solution to block GABAA-
mediated IPSCs when recording EPSCs and, in addition, SR 95531ated presynaptic modulation at hippocampal synapses:
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(5 M) when recording synaptically activated transporter currents GluR5: expression in the nervous system during development. Neu-
ron 5, 583–595.(STCs). TTX (1 M) was added to the bath solution when recording
responses to puffer applied glutamate. All other drugs used were Chittajalluh, R., Vignes, M., Dev, K.K., Barnes, J.M., Collingridge,
added to this solution as indicated. Experiments were performed G.L., and Henley, J.M. (1996). Regulation of glutamate release by
at room temperature except where stated otherwise. presynaptic kainate receptors in the hippocampus. Nature 379,
78–81.
Electrophysiological Techniques Contractor, A., Swanson, G.T., Sailer, A., O’Gorman, S., and Heine-
Slices were visualized with a Axioskop FS upright microscope mann, S.F. (2000). Identification of the kainate receptor subunits
(Zeiss, Germany) equipped with infrared-DIC. Whole-cell recordings underlying modulation of excitatory synaptic transmission in the
were made with an Axopatch 1D amplifier (Axon Instruments Inc., CA3 region of the hippocampus. J. Neurosci. 20, 8269–8278.
Foster City, CA). An Axoclamp-2A amplifier (Axon Instruments Inc.)
Contractor, A., Swanson, G., and Heinemannn, S.F. (2001). Kainatewas used for extracellular recordings. Signals were digitized with
receptors are involved in short- and long-term plasticity at mossyan ITC-18 interface (Instrutech Corp., Port Washington, NY) and
fiber synapses in the hippocampus. Neuron 29, 209–216.collected with Axograph 4.6 acquisition software (Axon Instruments
Dehnes, Y., Chaudhry, F.A., Ullensvang, K., Lehre, K.P., Storm-Math-Inc.). Recordings were made from PCs using 1–2 Mohm pipettes
isen, J., and Danbolt, N.C. (1998). The glutamate transporter EAAT4filled with cesium methanesulfonate-based internal containing (in
in rat cerebellar Purkinje cells: a glutamate-gated chloride channelmM) 130 CsCH3SO3, 4 NaCl, 1 MgCl2, 10 EGTA, and 10 HEPES, or
concentrated near the synapse in parts of the dendritic membranecesium nitrate-based internal when recording STCs, containing (in
facing astroglia. J. Neurosci. 18, 3606–3619.mM) 135 CsNO3, 1MgCl2, 20 HEPES, and 4 Na ATP. Series resistance
was monitored online, and uncompensated series resistance was Egebjerg, J., Bettler, B., Hermans-Borgmeyer, I., and Heinemann,
typically less than 8 Mohms. 75% series resistance compensation S. (1991). Cloning of cDNA for a glutamate receptor subunit activated
was routinely used when recording from PCs. Recordings from stel- by kainate but not AMPA. Nature 351, 745–748.
late cells in the outer third of the molecular layer were made with 2–3 Fogarty, D.J., Perez-Cerda, F., and Matute, C. (2000). KA1-like kai-
Mohm pipettes filled with cesium methanesulfonate-based internal. nate receptor subunit immunoreactivity in neurons and glia using a
Series resistance was typically less than 15 Mohms and monitored novel anti-peptide antibody. Brain Res. Mol. Brain Res. 81, 164–176.
online. Extracellular recordings were made with 2.5–3 Mohm pi-
Frerking, M., Schmitz, D., Zhou, Q., Johansen, J., and Nicoll,
pettes filled with the extracellular solution. EPSCs were recorded
R.A. (2001). Kainate receptors depress excitatory transmission at
at holding potentials of –60mV to –70mV, and were IPSCs recorded
CA3→CA1 synapses in the hippocampus via a direct presynaptic
at –50mV to –60mV unless stated otherwise. Parallel fibers were
action. J. Neurosci. 21, 2958–2966.
stimulated by applying constant voltage steps (20V–80V for 20–200
Herb, A., Burnashev, N., Werner, P., Sakmann, B., Wisden, W., ands; DS2A mkII constant voltage isolated stimulator, Digitimer LTD,
Seeburg, P.H. (1992). The KA-2 subunit of excitatory amino acidHertfordshire, England) through double barreled theta glass tube
receptors shows widespread expression in brain and forms ionpulled to approximately 1 m diameter and placed in the outer third
channels with distantly related subunits. Neuron 8, 775–785.of the molecular layer. Picrotoxin, SR 95531, domoic acid, kainic
Hille, B. (2001). Ion Channels of Excitable Membranes (Sunderland,acid, NBQX, GYKI 53655, and DPCPX were purchased from Sigma
Sinauer Associates, Inc.).(St. Louis, MO), tetrodotoxin was purchased from Alamone (Jerusa-
lem, Israel), and CGP 55845A, TBOA, MCPG, and CPPG was pur- Kamiya, H., and Ozawa, S. (1998). Kainate receptor-mediated inhibi-
chased from Tocris Cookson (Ballwin, MO). tion of presynaptic Ca2 influx and EPSP in area CA1 of the rat
hippocampus. J. Physiol. 509, 833–845.
Data Analysis Kamiya, H., and Ozawa, S. (2000). Kainate receptor-mediated pre-
Data analysis was performed with Axograph 4.6, and results were synaptic inhibition at the mouse hippocampal mossy fiber synapse.
compiled and statistical analysis performed with Microsoft Excel. J. Physiol. 523, 653–665.
All EPSCs and IPSCs shown are averages of 6 to 20 individual
Kerchner, G.A., Wilding, T.J., Li, P., Zhou, M., and Heuttner, J.E.episodes, and field recordings are averages of 20 to 30 episodes.
(2001). Presynaptic kainate receptors regulate spinal sensory trans-Error bars represent SEM, and Student’s t test was used to deter-
mission. J. Neurosci. 21, 59–66.mine confidence limits.
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